An investigation of the Hg2' resistance mechanism of four freshwater and four coastal marine bacteria that did not hybridize with a mer operonic probe was conducted (T. Barkay, C. Liebert, and M. Gillman, Appi. Environ. Microbiol. 55:1196Microbiol. 55: -1202Microbiol. 55: , 1989 
and for regulatory functions, comprises the mer operon (24) . In a wide variety of gram-negative and -positive organisms, mer operons are located on plasmids and transposons (36) , but chromosomally located mer operons have been found in Staphylococcus aureus (41) , a Bacillus sp. (38) , and Thiobacillus ferrooxidans (31) . A variable degree of homology among mer genes and polypeptides of different bacteria exists (32) , but reductases of even the most evolutionarily distant strains share 40% of their amino acid residues (39) . The following other mechanisms for resistance to mercurial compounds have been reported but not as thoroughly stud- ied: methylation of Hg2' by an anaerobe with a high tolerance to CH3Hg' (25) , removal of Hg2' by its precipitation as HgS by an H2S-producing anaerobe (27) , and alteration of outer membrane permeability in an aerobic organism (26) . In addition, morphological abnormalities have been observed in bacteria adapted to growth in the presence of Hg2+, but the relation of these phenomena to resistance is not clear (37) .
Reductive mercury detoxification has served as a model system for the study of the role of a specific molecular mechanism in the response of natural microbial communities to toxic pollutants, because of its ubiquity and the detailed knowledge of its mechanism (3, 6, 7) . It has been shown that aquatic microbial communities eliminated Hg2' by a process that required an acclimation period (3) , that the volatile mercurial was Hg° (6) , and that reduction of Hg2+ was mediated by bacteria rather than by photosynthetic microbes * Corresponding author. or heterotrophic microflagellates (6) . However, in acclimated communities, the number of organisms having DNA sequences homologous to characterized mer operons was 2 to 3 orders of magnitude lower than the number of Hg2+-resistant bacteria (3), many resistant strains failed to hybridize with a mer probe (6) , and an increase in the abundance of mer genes in the genomes of acclimated communities could only partially account for increases in the level of tolerance to Hg2+ (7) . Thus (12) was subcloned (21) into pUC18 to give the recombinant plasmid pMERA. Radiolabeled preparations of the 1,195-base-pair merA fragment were obtained as described previously (7). Digestions with Narl (Boehringer Mannheim Biochemicals, Indianapolis, Ind.) and SphI (Bethesda Research Laboratories, Inc., Gaithersburg, Md.) were performed as recommended by the manufacturers. Membranes for hybridization were prepared as described elsewhere (7) by applying 1 ,ug of purified denatured genomic DNA from environmental strains prepared as described by Maniatis et al. (21) , by using a slot blot apparatus (Schleicher & Schuell, Inc., Keene, N.H.). Purified plasmids carrying mer genes used as control target DNA (Table 1) were applied to the membrane to yield a final amount of 1.0 ng (as nanograms of target DNA per slot). Hybridizations were carried out at high and low stringencies. For high-stringency hybridization, prehybridization, hybridization, and preparation of membranes for autoradiography were as described previously (5) . For low-stringency hybridization, membranes were prehybridized in 4x SET buffer (0.6 M NaCl, 0.12 M Tris hydrochloride [pH 8], 4 mM EDTA)-10 x Denhardt solution-0.2% sodium dodecyl sulfate-100 ,ug of calf thymus DNA per ml for S h at 30°C. Hybridizations were carried out in fresh buffer (as for prehybridization) containing 50% deionized formamide (Sigma Chemical Co., St. Louis, Mo.) and labeled probe (107 dpm/reaction) at 30°C for 12 h. To allow hybridization with merA genes of gram-positive organisms, the temperature of hybridization was adjusted as suggested by Beltz et al. (9) , by using DNA sequence information for merA of Tn501 (12) , Bacillus sp. strain RC607 (39) , and S. aureus (19) . The alignment of the corresponding MerA polypeptides as suggested by Wang et al. (39) was used for all DNA sequence comparisons. Hybridization reactions, under both stringencies, contained 25 ,ug of denatured pUC18 DNA per ml; the DNA was previously digested with EcoRI (Boehringer Mannheim Biochemicals). Posthybridization washes of membranes that were hybridized at a low stringency were as suggested by Beltz et al. (9) . Autoradiograms of dried membranes were obtained as described previously (5) .
Determination of Hg2+ resistance levels. Resistance was quantitated by using the disk inhibition test described previously (4). Cell suspensions were prepared as follows: turbidities of late-log-phase cultures of freshwater strains were adjusted (by using a spectrophotometer and Z1033, which were grown with 2.5 p.M Hg2+. Cells were washed with assay buffer and resuspended to a turbidity of 30 Klett units. Strains Z1042 and Z1033 grew as tight aggregates that were dispersed by the addition of 25 mM citrate to the rinse buffer (dispersion was also achieved with 50 mM phosphate or 50 mM nitrilotriacetic acid [Sigma]). Assay buffer for freshwater and reference strains was as described previously (40) , except that chloramphenicol (Sigma) was present at 100 p.g/ml. For coastal marine organisms, the assay buffer was modified by replacing phosphate with HEPES buffer (N-2-hydroxyethylpiperazine-N'-2-ethanelsulfonic acid; Sigma) at 50 mM (pH 7.4) containing 0.1 M NaCl. Assay buffers used for strains Z1033 and Z1042 also contained 0.01% yeast extract, with Hg2+ concentration reduced to 2.5 ,uM. All assays were carried out in 10-ml reaction volumes in a shaking water bath at 30°C for 45 min.
Samples were removed periodically, and remaining Hg2+ was analyzed as described by Barkay et al. (6) .
Mercuric reductase assays. Crude cell extracts were prepared by the method of Fox and Walsh (15) . Mercurydependent NADPH (or NADH) oxidation rates were determined as described previously (15) 
RESULTS
Homology of merA genes of environmental strains with merA(Tn501). The hypothesis that mer genes had not been previously detected in the studied strains because of low DNA sequence homology was tested by hybridization of genomic DNA with a merA(Tn5OJ) probe at a high stringency (permitting cross-hybridization between merA genes of gram-negative organisms) and at a low stringency (permitting cross-hybridization between all currently characterized merA genes) (Fig. 1) to the previously characterized gram-negative genes. The remaining five strains carried merA genes with a lower degree of homology, because they only hybridized at a low stringency. Therefore, genes encoding mercuric reductases in these gram-negative strains seem to be more evolutionarily distant from merA(TnSOJ) than the previously defined merA genes of gram-negative bacteria (32) . However, determination of the exact evolutionary relationships of merA in the environmental strains awaits DNA sequence analysis.
Resistance level to Hg2". The disk inhibition test was used to compare levels of Hg2+ resistance of environmental isolates with those of P. aeruginosa strains containing mer(TnSOJ) (Fig. 2) . Three of the freshwater and one of the coastal marine isolates (Z1031) were as resistant as the control strains, PA025(pVS1) and PAO1(pEPA81), but strain VS1069 and the remaining three (Fig. 3F) .
Mercuric reductase activities. As expected, crude extracts of induced environmental strains demonstrated NADPHdependent mercuric reductase activities ( Table 2 ). The reductase activities of four strains (Z1031, PCA109, PCA5030, and VS1063) were quantitated by the standard Hg2 -dependent NADPH oxidation assay (15), -but the remaining four strains were inactive under these assay conditions. For two of these strains (Z1028 and VS1069), Hg-2 could have been inhibitory at the high concentration required for the NADPH oxidation assay (100 ,iM), since Hg2+ was volatilized when lower concentrations (10 ,uM) were employed in the Hg2+ reduction assays. Evolution of Hg°was noted in qualitative assays (see Materials and Methods) of cell extracts of strain VS1069, but activity was too unstable to be reproducibly quantitated. Cell extracts from induced VS1069 had both NADPH-and NADH-dependent Hgo evolution activities.
Extracts from an uninduced culture had activities that were only slightly above those of the background'levels (i.e., rate of Hg0 evolution by'a blank not containing cell extract).
Mercuric reductase activities could not be detected in cell extracts of strains Z1042 and Z1033 by any of the employed assays. Repeated attempts to obtain assay conditions giving detectable activities (by using the qualitative Hg0 evolution test) were unsuccessful. Modifications included the use of alternative assay buffers (22, 30) , among them the buffer employed by Ji et al. (17) to measure reductase activities of marine Caulobacter strains; replacing phosphate with HEPES (in both assay and cell extract preparation buffers); and replacing ,-mercaptoethanol with thioglycolate (87 mM), L-cysteine (87 mM), or dithiothreitol (2.3 mM). Thus, despite the demonstrated ability of intact cells of strains Z1033 and Z1042 to volatilize (i.e., reduce) Hg2+ (Fig. 3) and the presence of merA in their genomes (Fig. 1) , conditions optimal for the demonstration of mercuric reductase activity could not be established. The mercuric reductase of strain Z1031 was equally as active in phosphate buffer (29.17 ± 1.17 mU/mg) as in HEPES buffer (29.29 + 0.59 mU/mg) ( Table 2 ). Measurable reductase activities in reactions in which NADH replaced NADPH (data not shown) were below the level of detection, except for strain Z1028, with activity (0.0184 mU/mg) bordering on the detection limit of the assay (0.016 mU/mg).
DISCUSSION
The Hg2+ resistance mechanism employed by eight bacterial strains selected to represent Hg2+-resistant organisms that did not hybridize with a mer(Tn2J) operonic gene probe (6) was shown to be inducible NADPH-dependent mercuric reductase-mediated Hg2+ volatilization (Fig. 3) (Table 2 ). This activity was encoded by merA genes that, in five of the strains (Fig. 1) , had a lower degree of homology with merA(TnSO) than previously sequenced merA genes in gram-negative bacteria. The merA genes of the remaining three strains are evolutionarily as close to merA(TnS01) as is mer(Tn2l). Thus, the hypothesis that alternative mechanisms endowed Hg2+ resistance in the studied strains is rejected. Because these strains represented random selections of Hg2+-resistant bacteria from three aquatic environments (6) , it can be concluded that the merA-mediated reduction is a common molecular mechanism for Hg2+ resistance and volatilization in aerobic heterotrophic aquatic communities.
Although resistance was similar in principle to the widely employed bacterial Hg2+ resistance mechanism, some differences emerged. These may be most significant among coastal marine strains, because (i) three of four strains had an intermediate resistance level (Fig. 2) , (ii) the reductase of one of these strains was inhibited by high Hg2+ concentrations (Table 3 ) and the remaining two reductases could not be tested in standard assays, and (iii) the merA genes of these strains were detected only at a low stringency of hybridization (Fig. 1) (14, 18) . Elevated Hg0 concentrations in the near surface atmosphere over the equatorial upwelling of the Pacific Ocean were related to increased biological productivity (14) . It was calculated that this process could account for as much as 36% of the global flux of mercury into the atmosphere (18) . Furthermore, microbial processes may be the major cause of mercury volatilization in marine environments (6) , because of unfavorable conditions for nonbiological processes, such as reduction-disproportionation reactions (2) and activities mediated by components of humic acids (1, 33) .
However, marine bacteria with typical reductases exist because the coastal marine strain Z1031 was as resistant to g1g2+ as was PAO1(pEPA81). Furthermore, its reductase as not inhibited by 100 ,uM Hg2+ and its merA gene had a nigh degree of homology with merA(TnSOJ). Yet the salt requirements for cell stability (see Results) and growth (data not shown) suggest that Z1031 is a real marine bacterium rather than a terrestrial organism isolated from a coastal marine environment (20, 42) . Phosphate inhibition of wholecell Hg2+ volatilization (Fig. 3E ), but not of mercuric reductase activities ( Table 2 ), suggests that phosphate interfered with the transport of Hg2+ through the cell wall in strain Z1031.
Little is known about Hg2+ transport in gram-negative bacteria and about its role in their resistance mechanism. An intact outer membrane is essential for expression of Hg2+ resistance (13) . Ionic mercury interacts with bimolecular lipid membranes (10), but it is transported in an uncharged form (11) . Resistant strains have an active Hg2+ transport system consisting of a periplasmic protein (MerP) and an inner membrane-spanning protein (MerT), but little is known about their function (32, 36) . Phosphate may affect Hg2+ transport at any of these sites. Alternatively, inhibition of volatilization may result from a more general effect of phosphate on the metabolism of strain Z1031.
Detection of phenotypes of environmental bacteria by hybridization with function-specific DNA probes is a common procedure in microbial ecology (3, 28, 29; W. E. Holben, Abstr. Annu. Meet. Am. Soc. Microbiol. 1989, Q-72, p. 342), and it has been proposed as a tool in the management of polluted environments (16) . The results presented here indicate that application of this approach requires that the genetic drift that occurs during evolution of DNA sequences be considered. While only three of the strains hybridized with the merA probe at a high stringency of hybridization, all eight hybridized when a lower stringency was employed (Fig. 1) . Stringencies of hybridization were adjusted by considering available sequence data for merA genes (32 
